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Here we use nitrogen-vacancy centers in diamonds to detect electron spin resonance spectra of individual, tethered DNA duplexes labeled with a nitroxide spin label in aqueous buffer solutions at ambient temperatures. This paves the way for magnetic resonance studies on single biomolecules and their inter-molecular interactions in a native-like environment.
Given the enormous power of magnetic resonance spectroscopy, including Nuclear Magnetic Resonance (NMR) and Electron Spin Resonance (ESR), in interrogating molecular structure and dynamics, intensive efforts are being devoted to developments of single spin magnetic resonance spectroscopy, and rapid progresses are being made [1] . The use of nitrogen-vacancy (NV) centers in diamonds is one of the most promising venues for single spin detection [2] [3] [4] , for example, we have previously reported single-molecule ESR spectroscopy of proteins labeled with a nitroxide spin label and embedded in a poly-lysine layer at diamond surfaces [5] . However, in all prior NV work, the target is either embedded within the diamond lattice [6] [7] [8] or fixed at the diamond surface [5, 9, 10] . A majority of biomolecules function in aqueous solutions under ambient temperatures (i.e., physiological conditions), at which the molecules undergo a high degree of motions. NV-detection of single molecules at physiological conditions posts significant additional challenges as compared to studies at a stationary solid phase, and has not yet been reported.
We reported here two technical advancements to enable ESR measurements of single spin-labeled DNAs at physiological conditions. We implemented a diamond pillar array design ( Fig. 1a , Supplementary Note 1 and Online Methods), which reduces the detection time by nearly one order. This enabled one to record multiple ESR spectra before the labels are quenched due to laser irradiation [11] . Furthermore, to confine a spin-labeled DNA duplex within the ∼10 nm detection range from a shallowly embedded NV, a chemical tethering scheme was devised [12] , in which a non-labeled DNA was cova-lently attached to the diamond surface, then hybridized with a complementary strand with a spectroscopic label ( Fig. 1b and Online Methods). Atomic Force Microscopy imaging indicated that the tethered DNA forms an evenly distributed single layer at the diamond surface ( Supplementary Note 2A) . Characterizations using a Cy3-labeled DNA complementary strand and fluorescence confocal microscopy demonstrated that DNA duplex localization depends on the presence of the covalently attached non-labeled strand. Under experimental conditions used in this work, spacing between the DNA duplexes was estimated to be 21 nm (Supplementary Note 2B). This resulted in a 14% probability of a single DNA duplex located within the detection range of an NV sensor, while the probability of detecting two or more DNA duplexes was 1% (Supplementary Note 3B). As such, the signal detected from a single NV center was predominately from a single DNA duplex.
Using the tethering scheme, DNA duplexes with a covalently attached nitroxide spin label (designed as R5 [13] , see Fig. 1c ) were localized at the diamond pillar surface (Fig. 1b,c) , and ESR spectrum was detected by a double electron-electron resonance pulse sequence [5] ( Fig. 1d, Supplementary Note 3A ). Fig. 2a shows an example of an NV-detected spectrum of a 14 N R5labeled DNA obtained with an external magnetic field B 0 = 809 G, which shows three peaks. The isotropic hyperfine coupling, measured between the two side peaks, was A 14 N iso = 38.4 ± 1.2 MHz, similar to that obtained from an ensemble measurement ( Fig. 2b and Supplementary Note 4) (see further discussion of A iso below). Note that while both the NV-detected spectrum ( Fig. 2a top) and the ensemble spectrum ( Fig. 2b) show a threeline pattern expected due to hyperfine interactions between the electron spin (S = 1/2) and the 14 N nucleic spin (I = 1), the center peak of the NV-detected spectrum (gyromagnetic ratio of 2.801 ± 0.002 MHz/G or gfactors = 2.001±0.002) is likely composed of signals from both the 14 N nitroxide and paramagnetic diamond surface defects [8] , which have similar g-factors and therefore are not separable in the measurements (see also Supplementary Note 3C-3E). Consistent with this interpretation, the two side-peaks disappeared upon prolong laser irradiation that has been reported to quench the nitroxide (Fig. 2a, bottom) [11] . Furthermore, for diamond surfaces not exposed to spin-labeled DNAs, the NV-detected spectra showed only one peak without splitting (Supplementary Note 3D). Together, observations of the side-peaks in the NV-detected spectra indicated that for the first time, single spin-labeled DNA molecules were detected by magnetic resonance in solutions at ambient temperatures.
To further verify detection of nitroxide-labeled DNAs, the 14 N R5 label was substituted to a 15 N R5, which is expected to change the hyperfine coupling (Supplementary Note 4). Indeed, prior to nitroxide decomposition, the NV-detected spectrum showed two side peaks (Fig. 2c, = 1.47 ± 0.26 is consistent with that of the gyromagnetic ratio |γ15 N /γ14 N | = 1.40, thus confirming NV detection of spin-labeled DNA. Note that while the 15 N R5 labeled DNA showed the expected twoline pattern in the ensemble measurements ( Fig. 2d and Supplementary Note 4), the NV-detected early time point spectrum shows three peaks ( Fig. 2c , top). The center peak was assigned to the paramagnetic diamond surface defects, which is persistent upon prolong laser radiation (Fig. 2c, bottom) . Overall, the 14 N and 15 N data unambiguously demonstrate detection of an external nitroxide labeled DNA.
Analyses of NV-detected spectra led to a number of interesting observations. First, the A iso values varied by ∼12%, reflecting heterogeneity among the individual molecules in the solution (Supplementary Note 3C). All A iso values measured from NV-detected spectra were smaller (6 ∼ 16%) than that measured in the bulk solution (Supplementary Note 3C). It is known that a more hydrophobic environment, such as that at the diamond surface, reduces hyperfine couplings [14] . the A iso variations may reflect heterogeneity of the polarity profile at the individual DNA duplexes, although many other factors (e.g., spin label dynamics, local electrostatics) cannot be completely ruled out (see also Supplementary Note 5A). A second observation is that the NVdetected DNA spectrum showed sharp side-peaks with very small lineshape variations ( Fig. 2 and Supplementary Fig. 6 ). This differs from those measured from proteins fixed in the poly-lysine layer [5] , and reflects the high degree of motions expected from a DNA in solutions (Supplementary Note 5A). Analyses showed that the side-peaks of the NV-detected spectrum were best matched with simulations in which the label undergoes an isotropic rotation with a rotational correlation time τ of 1.0 ns (Supplementary Note 5B), which is comparable to that reported in bulk solution measurements of R5-labeled DNAs tethered to nano-diamonds [15] . Overall, these analyses indicate that analyzing the NV-detected single molecule spectrum provides information on the local environment and motional dynamics of the biomolecule. However, a lot more work, including sig- nificant increases in the number of spectrum observed, is required in order to retrieve functional information regarding the target biomolecule.
In conclusion, we developed NV-based methods that enabled ESR spectroscopic analyses of single spin-labeled DNA molecules in aqueous solutions at ambient temperatures. As demonstrated by developments of single-molecule methodologies in other fields such as fluorescent spectroscopy [16] and force microscopy [17] , the ability to conduct single molecule measurements in solutions opens up a large number of possibilities for investigating structure, dynamics, and interaction of biomolecules in their native environment. The work reported represents a significant step forward towards single-molecule magnetic resonance investigation of biomolecular structure and function.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
ONLINE METHODS
Diamond Sensors. All diamonds used were obtained commercially, 100-oriented, and electronic-grade. NV centers were created by implantation of 4 keV 15 N + 2 ions with a dose of 1 × 10 11 cm −2 . The diamond nanopillars were fabricated by electron beam lithography (EBL) and reactive ion etching (RIE) to enhance the photon collection efficiency [18] . First the negative electron-beam resisting hydrogen silsesquioxane (HSQ) was spun on the diamond to a thickness of 350 nm. The HSQ layer was patterned by electron-beam writing followed by tetramethyl ammonium hydroxide (TMAH, 4%) developing. The nanopillars were then formed after reactive ion etching with mixed CHF 3 and O 2 , with the etching depth at ∼ 400 nm. Finally hydrofluoric acid was used to remove the HSQ resisting layer.
DNA samples. All DNAs were produced by solidphase chemical synthesis and obtained commercially. The DNA strand for covalent attachment to diamond surface (i.e., NH 2 -DNA) has a sequence of 5' NH 2 -CTACTGCTTTAGAGGCTTGTCTCTAACTTGTGA-3', with "NH 2 " representing an Amino Modifier C6 at the 5' terminus. The complementary DNA strand (designated as s1) has a sequence of 5'-TCACAAGTTAGAGACAAGCCTCTAAAGCAGTAG-3'.
The 5' Cy3-modified s1 strand (Cy3-s1) was obtained commercially.
The R5 spin-label [1-oxyl-2,2,5,5-tetramethyl-pyrroline] (Fig. 1c ) was attached to phosphorothioate-modified s1 strands following previously reported protocols and purified by HPLC [13, 19] . The labeling efficiency of the DNA was estimated to be > 90% by a spin counting procedure [20] .
Covalent attachment of DNA at the diamond surface. Prior to DNA attachment, the diamond surface was cleaned in four steps: (a) submerging in Piranha solution (2:1 mixture of concentrated H 2 SO 4 and 30% hydrogen peroxide) at 150 • C for at least 4 hours; (b) submerging in concentrated HNO 3 at 90 • C for one hour; (c) submerging in 1M NaOH at 90 • C for one hour; and (d) submerging in 1M HCl at 90 • C for one hour. Following each step, the diamond was rinsed with deionized water.
Following surface cleaning, a freshly prepared solu-tion containing 10 µM NH 2 -DNA, 5 mM EDC [1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride, Sigma-Aldrich (39391-50ML)] in 100 mM MES (pH 5.0) was applied to the diamond surface. Reaction was allowed to proceed at room temperature for 30 minutes, after which the diamond surface was rinsed with deionized water. This procedure was repeated for 3 times to maximize the amount of DNA tethered at the diamond surface.
To hybridize the complementary strand to the tethered DNA strand, a 2 µM Cy3 or R5-labeled s1 strand solution was prepared in 100 mM NaCl buffer. 2 µL of this solution was added to the diamond surface. After allowing the reaction to proceed in the dark for 10 hours at room temperature, the diamond surface was rinsed with Phosphate Buffered Saline (PBS) for at least 3 times before either ESR, fluorescent, or Atomic Force Microscopy measurement.
NV center-based ESR spectroscopy. The measurements were carried out on a home-built system following previously reported procedures [5] . Briefly, a 532 nm green laser was used to illuminate the NV centers for initialization and readout. The external magnetic field was set at B 0 = 809 G. The microwave (MW) and Radio frequency (RF) irradiations were generated by an arbitrary waveform generator (Agilent M8190a), amplified (Mini-circuits ZHL-20W-13+ for MW, ZHL-16W-43+ for RF) and delivered by a coplanar waveguide fabricated on a glass substrate. Double electron-electron resonance pulse sequences were used to detect the weak signal from the spin labels (Fig. 1d) . The MW pulses, which manipulate the NV-center for detection, was set at approximately 0.6 GHz. The RF pulse, which manipulates the spin label, was scanned between 2.15 − 2.39 GHz. The π−pulses width of the MW and RF pulses was approximately 11 ns and 50 ns respectively, corresponding to Rabi frequencies around 45 MHz and 10 MHz, respectively. The phase accumulating duration τ 0 between the MW π/2−pulses was 4 us (see Supplementary Note 3A for more details). The detected spectral signals were normalized by the amplitude of Rabi oscillations.
Data availability. Data supporting the findings of this study are available within the article and its Supplementary Information file, and from the corresponding authors upon reasonable request. In this study, the pillars were fabricated so that the average pair-wise distance was approximate 2 micrometers ( Supplementary Fig. 1) , and approximately 50% of them contained a single NV center. Given the confocal microscope used in the optically detected magnetic resonance has a 300 nm spatial resolution, pillars with NV sensors were well separated and can be examined one by one to detect the target spins, in this case, individual spin-labeled DNA duplexes.
Supplementary Figure 1 : An example of an electron microscope image of the diamond nanopillars.
Supplementary Note 2. Characterizations of DNA Attachment at Diamond Surfaces

A. Surface topography characterized by Atomic Force Microscopy
Atomic force microscopy (AFM) was carried out using a Dimension Icon setup (Bruker Corporation). An ATEC-NC probe (NANOSENSORS, Inc.) was used, which has a tip radius < 10 nm and a resonance frequency of 335 KHz. The AFM images were acquired in the tapping mode. The diameter of DNA duplex is ∼ 2 nm, which is smaller than the horizontal resolution of the AFM. As shown in Supplementary Fig. 2a , individual DNAs can not be resolved on the diamond surface. In order to confirm the presence of the DNA, the surface was scraped with the AFM tip using the contacting mode. Supplementary Fig. 2b shows an AFM image after scraping, which shows aggregations at the edge of the scraped area, reflecting the existence of the DNAs. In addition, the average height difference of the areas with and without scraping is 0.74 nm, which is smaller than the expected width of a DNA duplex, suggesting the presence of a single layer of DNA at the diamond surface. Cy3-labeled DNA (Cy3-s1) was used to estimate the density of DNA on the diamond surface. Cy3-s1 was added onto different diamond surfaces, then rerinsed repeatedly with 100 mM NaCl solution. Fluorescence was measured using a home-build confocal microscope. The Cy3 dye was excited by a 2 µW, 532 nm laser. The emitted photons were collected via an optical path that was divided into two by dichroic mirrors, with one path using a 640 nm longpass filter to collect the fluorescence of the NV center and the other path using a 535 − 607 nm bandpass filter to collect the fluorescence of Cy3. The data showed that in the absence of a tethered DNA strand (i.e., the 'NH 2 -DNA'), a low fluorescence rate of 100 kCts/s was measured ( Supplementary Fig. 3a) , indicating that Cy3-s1 DNA was hardly captured at the surface. With a tethered NH 2 -DNA strand, the fluorescence rate was measured to be 1.5 MCts/s ( Supplementary Fig. 3b, c) , indicating efficient capture of the Cy3-s1 DNA. Images obtained from multiple diamonds indicated there was no observable difference between the different preparations ( Supplementary Fig. 3b, c) . The fluorescence rate of individual Cy3-s1 DNA was detected by diluting the Cy3-s1 DNA with unlabeled DNA (Cy3 labeled DNA : unlabeled DNA = 1 : 1000). This resulted in observations of well-resolved spots ( Supplementary  Fig. 3d ), although there also existed some areas with concentrated spots (data not shown). When tracing these spots, discrete jump in fluorescence were observed ( Supplementary Fig. 3e ) with the number of jump steps reporting the quantity of Cy3-s1 DNA at a given spot, while the height of the steps reflecting the fluorescence rate of single Cy3-s1 DNA, which was found to be 1 ∼ 2 kCts/s. Furthermore, well-resolved spots showing a one-step jump were fit to a Gaussian surface. Using a histogram constructed from analyzing 21 spots showing a one-step jump ( Supplementary  Fig. 3f) , the mean fluorescence rate of an individual Cy3-s1 DNA was determined to be 1.4 ± 0.3 kCts/s. Given that without dilution the fluorescence rate was measured to be 1.5 MCts/s, the number of DNA within the diffusion limited spot was calculated to be 1070 ± 230. With the diameter of the diffusion limited spot being 1.22λ/2N.A. ≈ 386 nm (in this work fluorescence wavelength λ ∼ 570 nm and numerical aperture of the lens N.A. = 0.9), the mean spacing between the DNA a 0 was calculated to be 21 ± 2 nm. Supplementary Note 3. Additional Data and Discussions on NV-Detected Nitroxide-Labeled DNAs A. Additional discussions on NV-based detection of external nitroxide spin labels NV centers are color centers in diamonds consisting of a substitutional nitrogen atom and an adjacent vacancy. The electrons surrounding the defect form an effective electron spin with a spin triplet ground state (S = 1), which can be polarized to m S = 0 with laser irradiation. Two of the ground states (i.e. m S = 0 and m S = −1) can be treated as a pseudo spin half system. The NV center functions as an interferometer ( Supplementary Fig. 4) . The sensor spin (NV center, Supplementary Fig. 4a ) was first polarized to |0 with a 1 µs 100 µW laser pulse, then rotated to (|0 + | − 1 )/ √ 2 with a microwave (MW) π/2 pulse. This superposition state would accumulate phase and become (|0 + e −iφ | − 1 )/ √ 2 with φ = δφ + Dτ , here δφ is the phase noise induced by bath spins and D is the dipolar coupling between the NV center and the target spin. The central MW π pulse was then applied to flip the superposition state, resulting in formation of an echo at the appropriate time. During the echo evolution, the phase noise was cancelled to a large degree, while the coupling term D would survive only if the radiofrequency (RF) pulse would flip the target spin (e.g. "Spin label", Supplementary Fig. 4a) . Finally, the superposition state was rotated back to the initial state with a MW π/2 pulse ( Supplementary Fig. 4a) , and the population of |0 can be measured by fluorescence. After repeating the above sequence for several million times, signal appears only when the frequency of the RF pulse is on resonance with transitions of the target spin. By scanning the frequency of RF, a resonance spectrum was obtained (See Main text Fig. 2 and Supplementary Note 3C).
In this work, to optimize detection of the target spin ("Spin label") spectrum, echo evolutions were first measured by fixing the RF frequency at the center peak transition of the 14 N nitroxide while increasing step by step the evolution time τ 0 between the MW π/2 pulses ( Supplementary Fig. 4a ). This was equivalent of moving the RF pulse on-resonance with the nitroxide spin label. Supplementary Fig. 4c shows examples of echo evolution data obtained, with the maximal difference with and without the RF pulse applied observed at τ 0 = 4 µs. Therefore, in subsequent spectral measurements, τ 0 was fixed at 4 µs while the RF frequency was scanned. For the pulse sequence ( Supplementary Fig. 4a ) used in this work, the acquired signal contrast was
here P = ↑ |U rf | ↓ is the flipped probability of a target spin manipulated by radiofrequency, τ 0 is the evolution time, φ 0 = Dτ 0 is the accumulated phase of the NV center spin during the evolution, which is proportional to the dipolar coupling D between the NV center and the target spin, T 2 is the coherence time of the NV center, the stretched exponential e −(τ0/T2) p (p in the range of 1 − 3) is determined by the dynamic of bath [1] . For the NV centers used in this work, p ∼ 1.The mean coherence time and evolution time are T 2 ∼ 4 µs and τ 0 ∼ 4 µs, respectively. The dipolar coupling is given by
where D 0 = 52 MHz · nm 3 , r is the distance between the target spin and the NV center, θ is the angle between r and the magnetic field. Supposing the NV center and the target spin are located at (0, 0, −∆d) and (X, Y, 0), as shown in Supplementary Fig. 5a , the dipolar coupling can be calculated as
where the direction of the magnetic field is set as (1, 1, 1)/ √ 3 because the diamond is 100-orientated. The mean depth of the NV centers is ∼ 6 nm due to an implantation energy of 2 keV per ion [2] , and the distance between the spin label and the attached point at the diamond surface is ∼ 4 nm. After averaging over the half sphere, the mean height difference between the NV center and the spin label is ∆d ∼ 6 + 4 × 0.5 = 8 nm. Supplementary Fig. 5b and c give the calculated dipolar coupling strength and the corresponding signal contrast, respectively, which clearly shows that the NV center can only detect the nearby spins. Specifically, a spin is detectable only when the signal induced by this spin is stronger than the photon shot noise. As shown in the next section, the noise level in this experiment is ∼ 0.05. Considering the spectrum of 14 N nitroxide has three peaks, the detectable signal induced by a single nitroxide need to be > 0.15. Therefore, the detection area S is define by S(X, Y )| X,Y ∈S > 0.15, resulting in an area of S = 72 nm 2 ( Supplementary Fig. 5c ). 
In the limit of N → ∞, it approaches a Poisson distribution
where η = σ S = 0.16. Therefore, the probability of one DNA located in the detection area is p(1) = 14%, and the probability of two or more DNAs located in the detection area is 1 − p(0) − p(1) = 1%. If N electron spins are detected, the signal given by Supplementary Eq. 1 need to be modified to [3] 
For the spins outside the detection area, D j τ 0 1, then Supplementary Eq. 6 can be simplified to
So the signal contributed by the spins outside the detection area can be calculated by
This indicates that all spins outside the detection area will induce a signal comparable to the photon shot noise (∼0.05) and therefore is not detectable. Specifically, the signal of a single DNA is > 0.1 × 3 (see Supplementary Note 3C), so more than (0.3/[0.3 + 0.05] =) 86% of the signal is attributable to the signal DNA.
C. Statistics of the NV-detected spectra
Measurements of 14 N-R5 labeled DNA were carried out on 97 NV centers, 12 of the NV centers exhibited side peaks in the first round of scan, which lasted for ∼ 20 minutes. The proportion of NV centers showing DNA signal is similar to the probability of one DNA located within the detection area estimated in Supplementary Note 3B. After repeating the measurements several times to achieve a suitable signal-to-noise ratio (SNR), only five NV-detected spectra exhibited clear side peaks (Main text Figure 2a and Supplementary Fig. 6 ). Hyperfine splitting among the NV-detected spectra varied, which may reflect different polarity of the environment at the individual DNAs (see Supplementary Note 5A). In addition, ratios of the signal contrast between the individual peaks also varied. It is not clear whether this is a result of the limited SNR, or reflects variations among the individuate DNAs, such as the difference in positioning with respect to the NV center (see Supplementary Note 3E) or rotational dynamics (see Supplementary Note 5B). Further investigations are needed. The signal of 15 N-R5 labeled DNA were also observed at multiple cases (see Supplementary Fig. 7) . As controls, we also measured the signal of "clean" diamond surfaces with only the NH 2 -DNA tethered. Only a single peak was observed (see Supplementary Fig. 8a) , which is similar to the cases observed after the spin labels were quenched by laser irradiation (see Supplementary Fig. 8b) . The NV-detected DNA spectra (Main text Fig. 2 and Supplementary Note 3C) show variations in the normalized signal contrast between the side-peaks and the central peak. Such variations likely arise from two main factors: (1) the presence of the paramagnetic surface defects, which impact the center peak but not the side-peaks; and (2) variations in the positioning of the individual spin labels (or DNAs) with respect to the NV center.
As shown in Supplementary Eq. 7, the total signal of many spins is equal to the sum of the signal of each spin only when the signal induced by each spin is sufficiently small. However, for the shallow NV centers, the dipolar coupling with a target spin at the diamond surface can be approximately 0.1 MHz and the coherence time is roughly 4 µs. So the phase D j τ 0 is on the order of 1, and as shown in Supplementary Eq. 1 and Eq. 6, the signal can has negative correlation with the quantities of coupling spins when D j τ 0 > π/2. Supposing the mean spacing of background spins is 10 nm [4] , the signals of a single spin and an ensemble of spins are shown in Supplementary Fig. 9 . For a single spin, the maximum signal is 1 (if no decoherence). However, the maximum signal will reduce to 0.5 if many spins are involved. At the central line, many background spins and a single DNA contribute to the signal, so the maximal signal < 0.5. At the side line, only a single DNA contributes the signal, so the maximal signal < 1. Considering the three (two) nuclear spin states for 14N (15N), the maximal signal of the side line < 0.33 (0.5). If the position of the spin label (i.e., the DNA) is close enough to the NV center, it is possible that the side line has a similar amplitude as that of central line. Also, all patterns of normalized signal contrast shown in Main text Fig. 2 and Supplementary Note 3C are possible if the position of the spin label is suitable. For bulk ensemble ESR measurements, DNA duplexes were formed in a buffer solution of 0.1 M sodium phosphate (pH 7.0) following reported procedures [5] , with the ratio of the spin-labeled DNA to its non-labeled complementary strand being approximately 1 : 1.5. X-band continuous-wave (cw) EPR spectra were measured at room temperature on a Bruker EMX spectrometer equipped with an ER4119HS resonator. The incident microwave power was 2 mW, and the field modulation was 1 G at a frequency of 100 kHz. Each spectrum was acquired with 512 points, corresponding to a spectral range of 100 G. All spectra were corrected for background and baseline, then normalized to the same number of spins following reported procedures [6] . Supplementary Fig. 10 shows the spectra of single-stranded and double-stranded DNAs labeled with R5. As expected, the 14 N (I = 1) spectra show a three-line splitting (panel a, b), while the 15 N (I = 1/2) spectra show a twoline splitting (panel c, d). The spectra show un-even sharp lines, which are consistent with previous results [7] . Spectra of the double-stranded DNAs (panel b, d) show broader lines as compared to that of the corresponding single-stranded DNAs (panel a, c), consistent with a reduction in rotational motion of the DNA upon duplex formation. The hyperfine tensor of the nitroxide spin label is anisotropic. If the nitroxide is stationary or undergoing slow motions, one would expect that for differently orientated spin labels, the NV-detected spectra would show large differences in the spacing between the peaks, as well as variations in lineshape of the side-peaks. This was indeed observed in our previous work on spin-labeled proteins fixed within a poly-Lysine layer [8] . However, in current work, all side-peaks in the NV-detected spectra shown a single-peak lineshape (Main test Fig. 2 and Supplementary Note 3C), although small variations can be detected in the linewidths and spacing between the side-peaks. The pattern observed in the NV-detected spectra is characteristically identical to those previously observed in bulk measurements of R5-labeled DNA duplexes in solutions [7] and tethered to nanodiamonds [9] . It has been established that the line-pattern indicates that the nitroxide label is undergoing fast isotropic rotational motions, which result in nearly complete average of the anisotropic hyperfine tensor to an isotropic A iso value [7] [9] . As already discussed in the nanodiamond work [9] , even the DNA is tethered, the flexibility of the chemical linker and the motions of the nitroxide ring with respect to the DNA allow the nitroxide to sample nearly all possible orientations with respect to the external magnetic field in a fast rate. This accounts for the charactersitc lineshape of the NV-detected spectra of diamond-tethered DNAs reported in this work (see Supplementary Note 5B below).
We do note that the NV-detected single-DNA spectra show slight variations in hyperfine splitting A iso (Supplementary Fig. 6 and Supplementary Fig. 7) , reflecting heterogeneity among the individual molecules in solutions. It is possible that the A iso variations are due to differences in the motions between individual molecules. However, one would then expect to observe some cases where the A iso values are greater than that measured in the bulk spectrum, which represents the ensemble average of the individual A iso . This was not observed, but instead, all the A iso values from the single DNA spectra were smaller than that measured in the bulk: for the 14 N-R5 labeled DNA, A iso varied between 38.1 to 42.5 MHz ( Supplementary Fig. 6 ), while the bulk value was 45.2 MHz ( Supplementary Fig. 10b ); and similar behaviors were observed for the 15 N-R5 labeled DNAs ( Supplementary Fig. 7 and 10d) . Therefore, the data indicated that other factors, such as local variations of hydrophobicity (see main text), are more likely to account for the observed A iso variations.
Another difference between the NV-detected and bulk solution spectra is line-broadening of the side-peaks. For the NV-detected 14 N-R5 spectrum shown in Fig. 2a in the main text, the linewidth (full width at half maximum, FWHM) of left, center and right peaks are 20.7 ± 2.9, 23.5 ± 2.5 and 16.7 ± 2.1 MHz, respectively. while the corresponding values for the bulk ensemble spectrum are 7.5±0.1, 5.0±0.1 and 13.5±0.2 MHz, respectively. In the NV experiments, the nitroxide electron spin was flipped by a RF pulse ( Supplementary Fig. 4a) , and the peak width is influenced by the RF power. All NV-detected spectra reported in this work were acquired with a 50 ns RF pulse, corresponding to a RF-induced line broadening of 10 MHz line. The approximately 20 MHz peak width observed in the NV-detected spectra ( Fig. 2a in the main text) is larger than the RF-induced broadening, and likely reflects retarded rotational motions of spin label when attached to the surface tethered DNA duplexes.
B. Simulation of NV-detected spectra
Simulations based on an isotropic rotation model are presented here. The use of a simple isotropic rotation model is appropriate based on qualitative lineshape analyses (Supplementary note 5A). The spin label used in this work is a nitroxide radical with a unpaired electron spin (S = 1/2) and a nitrogen nuclear spin (I = 1 for 14 N). In the lab frame with a magnetic field along the Z axis, the Hamiltonian of the spin label is
Here B = (0, 0, B 0 ) is the magnetic field, S and I are electron and nuclear spin operators, γ n is the gyromagnetic ratio of the nuclear spin, g is the Lande factor, A is the hyperfine tensor, and Q is the 14 N nuclear quadrupole tensor. The last two terms does not contribute to the allowed electron resonance lines (∆I = 0). The hyperfine tensor can be divided into two parts
where A iso is the isotropic hyperfine coupling, I is the identity matrix, |T d | is the strength of the electron-nucleus dipolar interaction and Γ d is the traceless hyperfine tensor. In the principle axis frame of the nitroxide, both g and
For the R5 spin-label, g xx ≈ 2.0083, g yy ≈ 2.0051, g zz ≈ 2.0022, A iso ≈ 44.5 MHz, |T d | ≈ 26.8 MHz [10] , all of these values are slightly different in different polarity environment [11] . For example, when simulating the spectrum shown in Fig. 2a in the main text, A iso = 38.4 MHz and |T d | = 23.1 MHz. In the lab frame, g = R · g PA · R −1 ,
determined by the direction of the principle axis (θ, φ). Rotation of the spin vector includes the tumbling of the DNA and the motion of R5 with respective to the DNA, which can be described by a set of random {θ(t), φ(t)} varying with time t [12] . The variation speed is described by the correlation time τ of the random walk. As described above, the signal measured by NV center is proportional to the flip probability of the labeled spin P = ↑ |U rf | ↓ , with
here H 1 (t) = γ e B 1 cos ωtS x is the interaction between nitroxide electron spin and RF field with amplitude B 1 and frequency ω. Supplementary Fig. 11a shows spectra calculated with different rotational correlation time τ . For fast rotations with τ = 0.2 ns or smaller, the calculated spectrum shows three narrow peaks with linewidth of ∼10 MHz, which is dominated by broadening due to the applied RF pulse. As rotations slow down to τ = 1 ns, the side peaks broaden to ∼20 MHz as observed in the NV-detected spectrum ( Fig. 2a in the main text). Reducing the motion to τ = 5 ns leads to further peak broadening, and the spectrum starts to resemble that observed in the solid phase [8] .
As an example, we further estimated the value of τ for NV-detected spectrum shown in main text Figure 2a by comparing the experimental spectrum and the simulated ones ( Supplementary Fig. 11b & 11c) . In these analyses, we matched only the linewidths of the side-peaks, which are not affected by the signal from diamond surface defects (Supplementary Note 3E). On a plot of simulated linewidth versus rotational correlation time τ ( Supplementary Fig. 11b) , the side-peak linewidths of the experimental spectrum best matched with those obtained from the simulation of τ = 1 ns. This is supported by direct overlay of the corresponding simulated and experimental spectrum ( Supplementary  Fig. 11c ). Fig. 2a in the main text, indicating that in the experimental spectrum, the motion of the spin label is best described by τ ∼ 1 ns. (c) Overlay of the NV-detected spectrum (black circles) with that simulated with τ = 1 ns (red line). The signal amplitude was scaled by a fix factor to best match the side-peaks. As shown the two side-peaks match well in both linewidth and amplitude between the experimental and simulated spectrum. The central peak of the experimental spectrum is clearly broader than the simulated one, reflecting the existence of background spin signals. The amplitude of the central peak also seems comparable between the experimental and simulated spectrum. This is possible because the existence of background spins does not always increase the signal contrast, as discussed in Supplementary Note 3E. Error bars indicate ±1 s.e.m and the data shown were obtained from measurements repeated 0.8 million times.
